Capitalizing on the benefits of non-orthogonal multiple access (NOMA) and full-duplex relaying as key technologies to boost spectral efficiency in the next generation of wireless communications, herein we investigate the performance of a cooperative network in which a source communicates with two destinations via one node selected from a set of full-duplex amplify-and-forward relays. For this purpose, a power-domain NOMA scheme is used to transmit information from the source to the destinations, and partial relay selection is performed to choose the relay based on the channel state information of the first hops. The system performance is characterized in terms of both the outage probability and the ergodic capacity, for which, exact analytical expressions are derived in integral form. In addition, to reduce the computational complexity of the obtained analytical results, closed-form expressions are derived from lower-bound, approximate, and asymptotic analyses. From these analytical expressions, the impact on the system performance of the number of relays, the power allocation factor between the NOMA destinations, and the residual self-interference at full-duplex relays is assessed. The correctness of our analyses is validated by Monte Carlo simulations, and a comparison with the half-duplex relay-aided NOMA system counterpart is also provided.
a myriad of connected devices and new services stemming from paradigms like the Internet of Things [1] . Non-orthogonal multiple access (NOMA) has been considered as a key enabling technology in 5G networks due to its potential capability to increase the network capacity by enhancing the utilization of the scarce spectrum resources [2] . In contrast to orthogonal multiple access (OMA) techniques, whereby signals coming from different users are orthogonal to each other, NOMA allows multiple users to share the same radio resources by using code-or power-domain multiplexing [3] . In code-domain NOMA, multiplexing is achieved by using codes similarly to code division multiple access (CDMA) systems. In this case, NOMA utilizes specific spreading sequences per user, which can be sparse or non-orthogonal cross-correlation sequences of low correlation coefficient. Alternatively, in power-domain NOMA, different power levels are allocated to each user based on the experimented channel conditions so as to maximize the system performance. In this case, the downlink information can be broadcast by using superposition coding at the transmitter and successive interference cancellation (SIC) at the receivers in order to cancel multiuser interference [4] , [5] . In this study, we will focus on power-domain NOMA.
Recently, the use of NOMA in cooperative 5 G deployment scenarios has received a lot of attention, owing to the inherent gains of such cooperative relaying strategies regarding coverage extension and reliability [9] [10] [11] [12] [13] [14] [15] [16] [17] . In cooperative relaying networks, a relay node assists the communication between a source and a destination to improve the transmission range or to improve the reliability by leveraging spatial diversity [6] . According to the relay behavior, two main protocols are widely known, namely: decode-and-forward (DF), whereby the relay decodes and re-encodes the information signal before forwarding it [7] ; and amplify-and-forward (AF), whereby the relay merely amplifies the received signal coming from the source and forwards it to the destination [8] . 1 Herein, we focus on the AF protocol, as it requires less computationally demanding processing at the relay, when compared to the other relaying protocols. Lately, a few works have addressed the joint use of NOMA and cooperative communications, whose contributions can be categorized from two perspectives [3] : (i) cooperative NOMA, whereby NOMA users with good channel conditions, referred to as near or strong users, act as relays to assist NOMA users with poor channel conditions, referred to as far or weak users [9] ; and (ii) relay-aided NOMA transmission, through which the communication among NOMA users is assisted by one or more dedicated relays [10] [11] [12] [13] [14] [15] [16] [17] .
For example, from the perspective of cooperative NOMA schemes, in [9] , the outage probability and ergodic sum rate were derived for a cooperative NOMA system, considering arbitrary and optimal power allocation schemes with full-duplex (FD) users operating as DF relays.
From the perspective of relay-aided NOMA transmission schemes, the authors in [10] and [11] proposed a coordinated transmission strategy for deployment scenarios with a base station having a direct link to one user, while simultaneously communicating with another user through a relay, wherein NOMA was used to enable the receivers to acquire other user's information for interference cancellation. For those systems, analytical expressions for the outage probability and the ergodic sum capacity were obtained. In particular, in [10] the relay was assumed to operate in half-duplex (HD) mode, whereas in [11] the FD relaying mode was considered. In [12] , a contract-based incentive mechanism along with a relay selection scheme was proposed for a multi-channel dual-hop cooperative NOMA system, which is composed by one base station, multiple users, and multiple relays that can potentially assist the NOMA transmission in HD relaying mode. In [13] , the outage probability and the ergodic sum rate of a NOMA-based cooperative network over Nakagami-m channels were derived, where the source was assumed to simultaneously communicate with multiple destinations through an HD-AF relay. In [14] , the performance in terms of the outage probability and sum rate for a NOMA scheme in a cooperative network with multiple HD-AF relays were studied, considering partial relay selection (PRS). In [15] , the outage probability for an optimal user-relay pair selection scheme, which maximizes the quality of service in a NOMA scenario, was investigated. In [16] , the performance in terms of the outage probability for different relay selection schemes, considering a NOMA-based cooperative network scenario with multiple HD-DF relays, was analyzed. In [17] , the outage performance and the ergodic sum rate were investigated for a NOMA-based relaying network over Nakagami-m channels with a single FD-AF relay; however, therein a fading-free SI link at the relay was assumed. The benefits of relay-aided NOMA systems are also assessed in [18] [19] [20] [21] [22] and references thereof. For instance, the outage probability for a NOMA-based relaying system with one transmitter communicating with two receivers via multiple relays is assessed in [18] . Therein, two-stage DF and AF relaying approaches wherein users are ordered based on their quality of service (QoS) requirements are investigated. Besides, in [19] , two optimal relay selection schemes for cooperative NOMA with fixed and adaptive power allocations at the relay nodes, which operate under the DF protocol, are introduced. Both works in [18] , [19] focused on HD-based relaying scenarios. On the other hand, in [20] , a virtual FD relaying scheme for cooperative NOMA-based systems was introduced and its performance was analyzed in terms of the outage probability and the respective ergodic rate. Therein, two HD-AF relays were employed to emulate the FD relaying operation by using a successive relaying technique. Aiming to balance spectral efficiency and energy conservation, the authors in [21] proposed an optimal power allocation to maximize the energy efficiency of a cooperative NOMA system employing FD two-way cognitive transmission, while maintaining the bit rate requirements of NOMA users. Considering both perfect and imperfect SIC, a FD cooperative NOMA system in which two users intend to exchange information with the assistance of one FD-DF relay was introduced in [22] , and its performance was then evaluated through the outage probability and achievable ergodic rate.
Equally important, FD relaying has emerged as a promising technique to provide improved spectral efficiency in wireless networks despite of the inherent self-interference problem between the transmit and receive antennas at the relay transceiver. In this respect, several research efforts have been made by using SI cancellation techniques in the propagation, analog, and digital domains [23] , [24] . For example, an aggregate SI suppression close to 100 dB was reported in [24] by combining an advanced antenna design based on resonant wavetraps and digital cancellation. Although FD relaying has been extensively addressed in OMA-based cooperative networks [25] [26] [27] , a few works have tackled FD in cooperative relaying networks based on NOMA [11] , [17] , [21] , [22] . In fact, many scenarios for the combined use of NOMA and cooperative communications based on FD relaying techniques remain still unexplored.
In this regard, this contribution investigates relay-aided NOMA cooperative network consisting of one source and two destinations, 2 which communicate via one relay chosen from a cluster of FD-AF relays. Bearing in mind a lesser burden in terms of the required feedback overhead, a PRS scheme based on the channel state information (CSI) of the source-relay links is employed to select the relay that cooperates in the communication process between the source and destinations. Besides, we consider an imperfect SI cancellation at the FD relay nodes, so that the effect of a residual SI on the system performance is considered. In this scenario, the stronger destination undergoing the best channel condition uses a SIC strategy to firstly decode the information of the weaker destination with worst channel condition. Thereafter, the stronger destination decodes its own information. For the considered setup, the system performance is evaluated in terms of the outage probability and the ergodic capacity for each of the NOMA destination nodes.
The main contributions of this work are summarized as follows:
r Analytical expressions for the end-to-end (E2E) instantaneous received signal-to-interference-plus-noise ratio (SINR) are obtained for each destination. r Closed-form expressions are obtained from a lower-bound analysis for the outage probability of each destination, which, interestingly, prove excellent approximations to the corresponding exact outage probabilities in the medium-tohigh signal-to-noise ratio (SNR) regime.
r Approximate closed-form expressions are derived by using the Gauss-Laguerre method, which are shown to be highly accurate over the entire range of SNR values.
r An asymptotic analysis of the outage probability at high-SNR is carried out from which closed-form expressions are obtained, corroborating the zero-diversity problem inherent to FD relaying-based systems in this SNR regime.
r Approximate closed-form expressions for the ergodic capacity of the NOMA users are obtained for the proposed scheme, which prove very tight to the actual performance in the medium-to-high SNR regime.
r The impact of key system parameters on the outage performance was evaluated from the obtained analytical expressions, including the number of relays, the power allocation factor between NOMA destinations, and the level of residual SI.
r A performance comparison between the proposed scheme and the HD relay-aided NOMA system counterpart is also provided. In addition, the impact of number of relays on the sum rate performance of the proposed NOMA scheme is examined. The remainder of the paper is organized as follows. The system and signal models are introduced in Section II. The exact, approximate, lower-bound, and asymptotic analyses of the outage probability are performed in Section III. Section IV provides analytical expressions for the ergodic capacity of both NOMA users, as well as for the system sum rate, derived from exact and approximate analyses. Numerical results are illustrated and discussed in Section V. Finally, the conclusions of this work are drawn in Section VI.
Notation: Throughout this paper, f Z (·) and F Z (·) denote the probability density function (PDF) and the cumulative distribution function (CDF) of a random variable (RV) Z, respectively, CN (μ, σ 2 ) denotes a complex circularly-symmetric Gaussian distribution with mean μ and variance σ 2 , E[ · ] denotes expectation, and Pr(·) denotes probability. In addition, Ei(·) denotes the exponential integral function [33, eq. (5.1.2)].
II. SYSTEM AND SIGNAL MODELS
Consider a dual-hop relaying network as depicted in Fig. 1 , in which a source S intends to communicate with two NOMA users, {D } 2 =1 , using the assistance of one out of K variable-gain AF relays, {R k } K k=1 , which operate in FD mode. The nodes S, D 1 , and D 2 are single-antenna devices, whereas the relays are equipped with two antennas enabling FD relaying operation. However, such relaying mode is degraded by strong SI, which cannot be perfectly canceled, thus the relays are assumed to suffer from residual SI. The relay that participates of the Fig. 1 . Full-duplex relay-aided NOMA network deployment model, in which a source (S) communicates simultaneously in the power domain with two destinations (D 1 and D 2 ), under the assistance of one out of K FD-AF relays (R k ), using partial relay selection. All the links are subject to fading and noise. Note that the relays suffer from self-interference. communication process is selected by considering a PRS scheme based on CSI of the first-hop (S→R k ) links. All nodes are considered to operate on a time-division multiple access (TDMA) basis. In addition, all links are assumed to undergo independent block Rayleigh fading 3 and additive white Gaussian noise (AWGN). Hence, the instantaneous received SNRs at the firsthop and second-hop (R k →D ) links can be given, respectively,
being the average channel gains; P S and P R are the transmit powers at S and R k ; and N 0 is the mean noise power at the receivers. Also, the residual SI links at the relays, after some stages of imperfect SI cancellation, are assumed to be subject to independent and identically distributed (i.i.d.) Rayleigh fading [26] , such that the instantaneous received SNR at the SI link of the kth relay is given as
being the average channel gain. In the proposed setup, D 2 is assumed to undergo better channel conditions than D 1 , so that |h
Herein we focus on a coverage extension scenario, in which due to physical obstacles or severe radio channel degradation, the direct link between S and D is unavailable. Thus, the communication process is feasible only through the cooperative relays. By considering a power-domain NOMA scheme, S first broadcasts the information messages intended to each destination simultaneously, such that the transmitted signal at time t is given by
where x 1 (t) and x 2 (t) are the information signals for users D 1 and D 2 , respectively; and a 1 and a 2 are the power allocation factors assigned to D 1 and D 2 according to the NOMA scheme, such that the relationships a 1 > a 2 and a 1 + a 2 = 1 must be satisfied [3] , [14] . Then, the received signal at the kth relay is given by
is the signal retransmitted by the kth FD relay at time t, with β being the amplification factor relative to the AF relaying protocol and T d being the processing delay, 4 and n R k (t)∼CN (0, N 0 ) is the AWGN component at R k . Therefore, after performing recursive substitutions of (2) into (3), the signal retransmitted by the kth relay can be given as
where L is the block length that typically contains a very large number of symbols, so that T d T L , where T L = LT s is the block duration, with T s being the symbol period.
To better understand the nature of the expression in (4), we can rewrite it as follows
self-interference signal (5) from which the following four components can be distinguished: (i) desired signal of D 1 , (ii) desired signal of D 2 , (iii) noise signal, and (iv) SI signal. Now, without loss of generality, by assuming that E[|x 1 (t)| 2 ] = E[|x 2 (t)| 2 ] = 1, the mean power of the signal retransmitted by the kth relay can be obtained from (5) as
where step (a) follows by considering a convergent geometric sequence, with β 2 |h RR k | 2 P R < 1. Thus, the amplification factor at the AF relays can be obtained as
On the other hand, the receive signals at D 1 and D 2 from R k are given, respectively, by
where n D (t), with = 1, 2, are the AWGN components at each NOMA destination. From the above signal analysis, after some mathematical manipulations, the instantaneous received E2E SINR at D 1 can be obtained as
Moreover, according to NOMA, the strong user D 2 must first decode the message intended to the weak user D 1 . This is feasible since a 1 > a 2 . Then, once weak user's message is obtained, D 2 is able to decode its own message by performing a SIC technique. Therefore, the instantaneous received E2E SINRs at D 2 , relative to the weak user's information and to its own information can be expressed, respectively, as
On the other hand, by considering a PRS criterion based on the first-hop CSI, the index of the selected relay which assists in the communication process between the source and NOMA destinations is given by
where Z k is the first-hop SINR at the kth relay, given as
III. OUTAGE PROBABILITY ANALYSIS
A. Exact Analysis
In this section, the exact outage probability for each NOMA destination, D 1 and D 2 , is derived. To simplify the analysis, the SNR thresholds relative to the target quality of service of each user, τ 1 and τ 2 , which define the outage events, are assumed to be equal, that is, τ 1 = τ 2 = τ . In addition, it is considered that P S = P R = P . Hereafter, aiming at a simpler notation, under the assumption of i.i.d. channels, we consider that
1) Outage Probability at D 1 : An outage event occurs at D 1 when its instantaneous received E2E SINR, given as in (10), falls below the threshold τ . Thus, the outage probability at user D 1 is given as (15) where k * refers to the index of the selected relay, according to the criterion in (13) . From (15) , an exact analytical expression for the outage probability of D 1 is obtained, as shown next Proposition 1: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, the exact outage probability for the weak user, D 1 , is given by
and SI links, respectively, with γ 0 = P/N 0 being the transmit SNR, andτ τ /(a 1 − a 2 τ ).
Proof: See Appendix A.
2) Outage Probability at D 2 : The strong user D 2 is considered to be in outage when one of the following events occur: (i) the instantaneous received E2E SINR at D 2 relative to weak user's information, γ D 12 , is below the threshold τ , thus implying that the SIC process performed at D 2 to remove D 1 's information fails, or (ii) after successfully executing the SIC process, the instantaneous received E2E SINR at D 2 relative to its own information, γ D 2 , is below τ . Therefore, the outage probability for D 2 can be formulated as
Then, by substituting (11) and (12) into (17), an exact analytical expression for the outage probability of D 2 is obtained, as presented next. Proposition 2: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, the exact outage probability for the strong user, D 2 , is given by
Although the outage probability expressions given in (16) and (18) can be readily evaluated through standard computing software, it is desirable to attain closed-form expressions for those outage probabilities in order to reduce even more the computational complexity. For this purpose, in the next subsections, we introduce simple and useful closed-form expressions derived from lower bound-, approximation-, and asymptote-based analyses. Importantly, as will be seen in Section V, these new analytical expressions prove to be very tight to exact outage performance along the entire SNR range.
B. Lower-Bound Analysis
From the well-known upper bound for the harmonic mean of two arbitrary SNR values A and B, given by AB/ (A + B) < min{A, B} [27] , lower-bound expressions for the outage probability of each NOMA destination, D 1 and D 2 , can be derived in closed form. Such lower-bound expressions result in excellent approximations to the exact outage probabilities given in (16) and (18), at high SNR, and are introduced in the following propositions.
Proposition 3: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, a lower bound for the outage probability of the weak user, D 1 , is given in closed form as
Proof: From (10), by using the definition of Z k in (14), it follows that
where step (f ) follows from considering a high SNR regime, and step (g) follows from considering the identity Pr(min{A, B})=1 − Pr{Ā,B} [34] . Thus, after the appropriate substitutions in (20) , a lower bound for the outage probability of D 1 is obtained as in (19) . Proposition 4: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, a lower bound for the outage probability of the strong user, D 2 , is given in closed form as
Proof: By following a similar procedure to that presented in the proof of Proposition 3, it follows from (12) that
from which, after the appropriate substitutions, a lower bound for the outage probability of D 2 is obtained as in (21).
C. Approximate Analysis
As an alternative to the previous approach, an approximate analysis for the outage probability of each NOMA destination is proposed to attain simpler expressions for the performance evaluation of the system under investigation. In particular, approximate closed-form expressions for the exact outage probabilities of users D 1 and D 2 , given in integral form as in (16) and (18) are obtained in the following propositions by applying the Gauss-Laguerre quadrature method [33, eq. (25.5.45) ]. According to this method, we have that
that is, integrals given as in (23) can be approximated by a weighted sum of integrand samples, where x i is the ith root of the nth-order Laguerre polynomial L n (x),
Proposition 5: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, an approximate closed-form expression for the outage probability of the weak user, D 1 , is given by
where
Proof: The approximate expression in (24) follows in a straightforward manner from applying (23) to the integral in (16) .
Proposition 6: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, an approximate closed-form expression for the outage probability of the strong user, D 2 , is given by
Proof: Similarly to the latter proposition, the proof follows from applying (23) to the integral in (18) .
Remark 1: It is noteworthy that the approximations in (24) and (26) proved to be highly accurate for the entire range of SNR values, even for a reduced number of sum terms (i.e., n = 2), as will be shown in Section V.
D. Asymptotic Analysis
By taking into account that the lower-bound expressions obtained in Section III-B render excellent approximations to the exact outage probabilities of the NOMA destinations at high SNR, asymptotic analytical expressions for the outage probability of D 1 and D 2 can be derived from (19) and (21), respectively, as follows.
1) Asymptotic Outage Probability for D 1 : From (19) , by using the Maclaurin series for the exponential function and neglecting the higher order terms with respect to the transmit SNR γ 0 , an asymptotic closed-form expression for the outage probability of the weak user, D 1 , at high SNR regime (i.e., as γ 0 → ∞), is given as
2) Asymptotic Outage Probability for D 2 : Similarly, from (21), an asymptotic closed-form expression for the outage probability of the strong user, D 2 , at the high SNR regime is given as
Remark 2: From (28) and (29), we can conclude that the diversity order of the system under investigation equals zero, as both asymptotic expressions are independent of γ 0 . Therefore, at high SNR, the system performance will show an outage floor.
IV. ERGODIC CAPACITY AND SUM RATE ANALYSIS
In this section, the ergodic capacity 5 for the NOMA users D 1 and D 2 and the system sum rate are derived. The sum rate of the considered system is given byC sum =C 1 +C 2 , wherē C 1 andC 2 are the ergodic capacities of the users D 1 and D 2 , respectively.
A. Ergodic Capacity at D 1
The instantaneous capacity at weak user D 1 is given as
where γ D 1 is the instantaneous received E2E SINR, given as in (10) . Therefore, the exact ergodic capacity at D 1 , defined as the expectation of the expression in (30), can be written as
where Pr(γ D 1 < x) in (31) is given by (16) . From (31) , an approximate closed-form expression for the ergodic capacity of D 1 can be obtained, as presented in the following proposition. Proposition 7: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, an approximated closed-form expression for the ergodic capacity of the weak user, D 1 , is given as in (32) , shown at the bottom of this page, where
and
Proof: See Appendix C.
B. Ergodic Capacity at D 2
The instantaneous capacity at the strong user D 2 is given as
where γ D 2 is the instantaneous received E2E SINR, given as in (12) . Therefore, the ergodic capacity at D 2 , defined as the expectation of the expression in (36), can be given as
Then, an approximate expression for the ergodic capacity at D 2 can be attained from (37) in closed form, as in the following proposition. Proposition 8: In a relay-aided NOMA system with two destinations, in which PRS among K FD-AF relays is employed, an approximated closed-form expression for the ergodic capacity of the strong user, D 2 , is given by (33) , shown at the bottom of this page, where
Proof: See Appendix D.
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, illustrative examples are considered to assess the impact of the key system parameters on both the outage probability and the ergodic capacity of users D 1 and D 2 . Moreover, the analytical expressions obtained in Sections III and IV, respectively, are validated through Monte Carlo simulations. For this purpose, let us consider a linear topology in which the normalized distances of the links S→D , S→R k , R k → D are set to d SD 1 = 1, d SD 2 = 0.75, d SR k = 0.5, d R k D 1 = 0.5 and d R k D 2 = 0.25. In addition, we consider that the average channel gains of all links are determined by the path loss, that is,
where d A is the distance between two nodes and η is the path-loss exponent. In the following examples, the path-loss exponent is set to η = 4 and the SNR threshold is set to τ = 0 dB. Fig. 2 shows the outage performance of the NOMA destinations, D 1 and D 2 , as a function of the transmit SNR for different values of the number of relays K = 1, 2, 3. The power allocation factors for users D 1 and D 2 are set to a 1 = 0.7 and a 2 = 0.3, respectively, and the average channel gain at the SI link is considered to be Ω RR = −10 dB. From Fig. 2 , note that our expressions derived from the exact analysis, given in (16) and (18) , perfectly match with Monte Carlo simulations. Note also that the approximate expressions obtained in (24) and (26) are very tight to the exact curves, along the whole range of SNR values. In addition, the lower-bound expressions attained in (19) and (21) result in excellent approximations to the exact curves in the medium-to-high SNR regime. We can observe that the outage performance curves saturate in a floor at the high SNR regime, thus resulting in a system diversity order equal to zero, as can be corroborated from the asymptotic analytical expressions obtained in Section III-D. Such a value for the system diversity order arises from the residual SI detrimental effect at the FD relays, which worsens as the transmit power increases, thereby preventing the system performance from improving. On the other hand, we can observe that as the number of relays increases, the outage performance of both users improves, as expected. However, at low SNR, increasing the number of relays above K = 2, does renders an improvement on the outage performance at the weak user, D 1 , it does not render any improvement, thus requiring higher values of transmit SNR to take advantage of the cooperative diversity for this user. In Fig. 3 , the outage probability for both NOMA destinations is illustrated as a function of the transmit SNR for different values of power allocation factors, namely, a 1 = 0.6, 0.7, 0.8, 0.9, with a 2 = 1 − a 1 . In this case, we consider that K = 2 and Ω RR = −10 dB. It can be observed that the weak user D 1 always outperforms the strong user D 2 , regardless of the power allocation factors, as long as the condition a 1 > a 2 is satisfied. More specifically, as a 1 increases and, consequently, a 2 decreases, the outage performance of weak user D 1 gradually improves, whereas that of strong user D 2 deteriorates. Note that, for (a 1 , a 2 ) = (0.6, 0.4), the outage performance of both users is almost equivalent. On the other hand, it is noteworthy that from the point where the condition a 2 ≥ a 1 /(τ + 1) 6 is met, for lower values of a 1 and, consequently, higher values of a 2 -for example, (a 1 , a 2 ) = (0.55, 0.45)-not only the outage performance of the weak user D 1 , but also that of strong user D 2 worsens. 7 This can be explained by the fact that the strong user first needs to decode the weak user's information through a SIC technique, so that the strong user is able to decode its own information. Thus, as a 1 decreases and a 2 increases, the received SINR at D 2 relative to D 1 's information diminishes, such that SIC at D 2 fails, as can be corroborated from (11) and (17) . As a result, the strong user D 2 is also unable to decode its own information. Note also that, for this illustrative scenario, the outage performance of the strong user D 2 is the same for a 2 = 0.2 and 0.4.
To complement the above discussion, Fig. 4 shows the outage probability of the NOMA destinations, D 1 and D 2 , as a function of the ratio a 2 /a 1 for different values of the number of relays K = 1, 2, 3. In this case, the average channel gain at the SI link is set to Ω RR = −10 dB and the transmit SNR is fixed at γ 0 =30 dB. Recall that, according to the NOMA scheme for our scenario, the following relationships for the power allocation factors must be satisfied: a 1 + a 2 = 1 and a 2 < a 1 . Note that as the number of relays increases, the outage performance of both destinations improves, as expected. On the other hand, note that, for the weak user D 1 , the outage performance worsens as the ratio a 2 /a 1 increases, which is intuitive since less power is allocated to D 1 . Meanwhile, we can observe that, for the strong user D 2 , the outage probability improves as a 2 /a 1 increases, until the condition a 2 /a 1 ≥ 1/(τ + 1) is met, as previously stated. From this point (in this case, for τ = 0 dB, from a 2 /a 1 = 0.5), the outage probability of D 2 also worsens, since the SIC process at D 2 to decode the information relative to D 1 fails more frequently, such that D 2 is no longer able to decode its own information. Fig. 5 illustrates a comparison of the outage probability for the NOMA users D 1 and D 2 versus the transmit SNR between the FD-based scheme analyzed herein and the HDbased counterpart proposed in [14] . To do so, we consider our exact analytical expressions derived in Section III-A and those corresponding to the HD-based scheme, presented in [14, eqs. (25) and (29)]. In this case, the following system parameters are taken into account: number of relays K = 1, 2, 3, power allocation factors (a 1 , a 2 ) = (0.7, 0.3), and average SI channel gain Ω RR = −10 dB. From this figure, we can observe that, unlike the proposed FD-based scheme, the outage performance of the HD-based counterpart does not saturates at high SNR, as expected-since HD relays do not suffer from SI. However, it is worth pointing out that the HD-based scheme requires two time slots to transmit information from the source to the NOMA destinations, thus halving the system spectral efficiency with respect to the proposed FD-based NOMA scheme. Moreover, at low-to-medium SNR, the FD-based scheme presents the same performance as that obtained by the HD-based one, even though a conservative value for SI attenuation was considered (Ω RR = −10 dB). Note also that as the number of relays increases the outage performance of HD-based scheme slightly improves. Hence, the proposed scheme is more suitable for the low-to-medium SNR regime with the advantage of an improved spectral efficiency. Fig. 6 shows the outage probability of the NOMA destinations, D 1 and D 2 , versus the transmit SNR for different values of average SI channel gain Ω RR = 0, −10, −20 dB, by considering K = 2 and (a 1 , a 2 ) =(0.7, 0.3). Note from this figure that as Ω RR decreases, the outage floor level also decreases and occurs at higher transmit SNR values. Additionally, note that the curves obtained from the asymptotic expressions given in (28) and (29) perfectly match the performance floor level at high SNR, thus validating the asymptotic analysis performed from the lowerbound expressions of the outage probability. Fig. 7 shows the ergodic capacity of the NOMA destinations D 1 and D 2 versus the transmitted SNR for different values of the number of relays K = 1, 2, 3. The power allocation factors for the users D 1 and D 2 are respectively set to a 1 = 0.7 and a 2 = 0.3, and the average channel gain at the SI link is set to Ω RR = −10 dB. We can observe from Fig. 7 that the analytical expressions obtained in (32) and (33) prove to be excellent approximations to the true performance for the entire range of SNR values. Note that the ergodic capacity for users D 1 and D 2 also saturate to a floor at the high SNR regime due to the detrimental effect of residual SI at the FD relays. Note also that, while the ergodic capacity for the strong user D 2 improves as the number of relays increases, the ergodic capacity for the weak user D 1 does not present a significant improvement with an increment of the number of relays. Fig. 8 illustrates the system sum rate versus the transmit SNR, as well as a comparison with OMA-based cooperative systems in which PRS among either multiple HD-AF relays or multiple FD-AF relays is employed. 8 In this case, the following system parameters are considered: number of relays K = 1, 2, 3, power allocation factors (a 1 , a 2 ) = (0.7, 0.3) and normalized distance of the links R k → D OMA , d R k D OMA = 0.5. Note that the sum rate of the proposed NOMA system outperforms OMA-based systems at low-to-medium SNR. This agrees with the results obtained in Fig. 5 for the outage probability, thus showcasing the benefits of the joint use of NOMA and FD relaying techniques at this region. Nevertheless, we can notice that the performance of the proposed NOMA system saturates due the residual SI at the FD relays, thus yielding a lower sum rate with respect to the HD-OMA system and resulting in a equal sum rate with respect to the FD-OMA system, at high SNR.
VI. CONCLUSION
This paper investigated the outage and ergodic capacity performance of a relay-aided NOMA system with two destinations, in which PRS among multiple FD-AF relays is employed. We derived exact analytical expressions for the outage probability and ergodic capacity of the strong user and the weak user. With the aim of reducing the computational complexity, closed-form expressions for the outage probability were obtained from both approximation-and lower bound-based analyses. In addition, closed-form approximations for the ergodic capacity of each NOMA destination and for the system sum rate were derived. Monte Carlo simulations were provided to validate the accuracy of our formulas. Numerical results showed that an outage floor occurs due to the inherent SI of FD operation at the relays, thus rendering the system diversity order zero. Asymptotic closed-form expressions were attained at the high SNR regime, which characterize the outage floor level in terms of the system parameters. This performance floor level can be reduced whether the number of relays is increased or the average SI channel gain is diminished (or, equivalently, the SI attenuation is improved, thus reinforcing the importance of highly effective SI cancellation techniques). Nevertheless, the outage performance of the proposed FD-based scheme showed to be equivalent to its HD-based counterpart at low-to-medium SNR, even for conservative values of the average SI channel gain. Moreover, the system sum rate of the proposed FD-based scheme presents the advantage of spectral efficiency with respect to the OMA-based schemes, especially at low-to-medium SNR. Additionally, it was established that increasing the power allocation factor of the strong user resulted in a performance improvement, until some value from which the outage performance of both NOMA users worsens, since the correct decoding of strong user's message depends on the success of the SIC process relative to the weak user's information.
Some interesting extensions for future development of this investigation is to study optimal/suboptimal relay selection strategies and optimal power allocation schemes, such as those as in the FD-NOMA system considered herein. For the HD-OMA system, the source is assumed to send a message to each destination within one different fading block, which is divided into two time slots (one for the source-relay transmission and one for the relay-destination transmission). Thus, the overall communication process from the source to the two destinations takes four time slots. In the FD-OMA system, the system sum rate is doubled with respect to that of HD-OMA system, as different messages are transmitted in each one of the two time slots composing a fading block due to FD relaying operation.
proposed in [18] , [19] for HD-relay aided NOMA scenarios, as well as to assess the impact of imperfect SIC on the system performance [22] , [32] .
APPENDIX A PROOF OF PROPOSITION 1
In the following, we derive the exact outage probability for weak user D 1 . From (15) , by using (14), the outage probability for D 1 can be obtained as
where step (b) follows from applying the Total Probability Theorem [34] , and step (c) follows from considering i.i.d. fading channels. Furthermore, F Y 1 (y 1 ) = 1 − exp(−y 1 /γ RD 1 ) and f Y 1 (y 1 ) =(1/γ RD 1 ) exp(−y 1 /γ RD 1 ) are the CDF and PDF of an exponential RV with mean valueγ RD 1 , respectively. Besides, the CDF of Z k can be determined as
where F X (x) = 1− exp(−x/γ SR ) and f U (u) = (1/γ RR ) exp (−u/γ RR ) are the CDF and PDF of exponential RVs with mean valuesγ SR andγ RR , respectively. Then, after substituting (40) into (39), the exact outage probability for the weak user, D 1 , can be obtained as in (16) .
APPENDIX B PROOF OF PROPOSITION 2
Next we derive the exact outage probability of strong user D 2 . From (17) , by considering the definition of Z k in (14) and following a procedure similar to the proof of Proposition 1, the outage probability for D 2 can be developed as
where step (d) follows from applying the identity Pr(A, B) = Pr(A) − Pr(A,B) [34] ; and step (e) follows from analyzing the probability of the joint event at the third term in step (d), regarding the relationshipsτ > τ and τ >τ , from which we can note that the occurrence of the event related to the lower value betweenτ and τ entails the occurrence of the other event, so that the overall outage probability at D 2 is determined by max{τ , τ }. From (41), by following a similar procedure to that presented in Proposition 1, OP 2 can be expressed as
where F Y 2 (y 2 ) = 1 − exp(−y 2 /γ RD 2 ) and f Y 2 (y 2 ) = (1/γ RD 2 ) exp(−y 2 /γ RD 2 ) are the CDF and PDF of an exponential RV with mean valueγ RD 2 , respectively, and F Z (·) is given as in (40). Then, after changing the limits of the integral in (42), an exact analytical expression for the outage probability of the strong user, D 2 , can be obtained as in (18) .
APPENDIX C PROOF OF PROPOSITION 7
In the following, we derive the ergodic capacity for weak user D 1 . By substituting (15) considering the definition of Z k given in (14) , the ergodic capacity for D 1 can be obtained as
where step (h) follows from neglecting the constant 1 in the denominator of the left-hand side in the Pr(·) operator, as this yields a good approximation at medium-to-high SNR; step (i) follows from the known result that the minimum between two values is an upper bound for their harmonic mean, which also becomes increasingly tight at medium-to-high SNR; and step (j) follows under the consideration of i.i.d. fading channels. In the above expression, F Z (·) is the CDF of the RV Z given as in (40) and F Y 1 (y 1 ) = 1 − exp(−y 1 /γ RD 1 ). Therefore, after solving the integral in (43) with the use of [35] , a closed-form approximation for the ergodic capacity of the weak user D 1 can be obtained as in (32) .
APPENDIX D PROOF OF PROPOSITION 8
By following a similar procedure as in the proof of Proposition 7, we derive the ergodic capacity for strong user D 2 . By substituing (12) into (37), the ergodic capacity for D 2 can be developed as
from which, after solving the integral in (44), a closed-form approximation for the ergodic capacity of the strong user D 2 can be attained as in (33) .
